Background: Evidence suggests that genetic factors may influence both schizophrenia (Scz) and its clinical presentation. In recent years, genome-wide association studies (GWAS) have demonstrated considerable success in identifying risk loci. Detection of "modifier loci" has the potential to further elucidate underlying disease processes. Methods: We performed GWAS of empirically derived positive and negative symptom scales in Irish cases from multiply affected pedigrees and a larger, independent case-control sample, subsequently combining these into a large Irish meta-analysis. In addition to single-SNP associations, we considered gene-based and pathway analyses to better capture convergent genetic effects, and to facilitate biological interpretation of these findings. Replication and testing of aggregate genetic effects was conducted using an independent European-American sample. Results: Though no single marker met the genome-wide significance threshold, genes and ontologies/pathways were significantly associated with negative and positive symptoms; notably, NKAIN2 and NRG1, respectively. We observed limited overlap in ontologies/pathways associated with different symptom profiles, with immune-related categories over-represented for negative symptoms, and addiction-related categories for positive symptoms. Replication analyses suggested that genes associated with clinical presentation are generalizable to non-Irish samples. Conclusions: These findings strongly support the hypothesis that modifier loci contribute to the etiology of distinct Scz symptom profiles. The finding that previously implicated "risk loci" actually influence particular symptom dimensions has the potential to better delineate the roles of these genes in Scz etiology. Furthermore, the overrepresentation of distinct gene ontologies/pathways across symptom profiles suggests that the clinical heterogeneity of Scz is due in part to complex and diverse genetic factors.
Introduction
Schizophrenia (Scz) is a complex psychiatric disorder with a prevalence of approximately 1% that incurs enormous economic, personal, and social costs. 1 Genetic factors contribute substantially to liability to Scz, with twin and family studies typically yielding heritability estimates of approximately 0.6-0.8. 2, 3 The Scz spectrum is composed of multiple symptom dimensions, 4 and previous analyses have yielded factor structures consisting of negative, positive, and disorganization symptoms. 5 These dimensions have been shown to be familial and even heritable, though small sample sizes and differences in methods of data collection across studies have limited efforts to identify specific genetic factors. 6 Evidence of phenotypic dimensionality has led to the hypothesis that diverse genetic modifiers underlie Scz.
for disorder, have been described as "modifier genes." Previous studies have employed genetic linkage, 8, 9 candidate gene, [10] [11] [12] and genome-wide association approaches 13 in an effort to identify these loci. To maximize statistical power, studies have employed a variety of approaches, from rigorously assessing for clinical homogeneity among cases to using proxies for case/control status (eg, factor scores derived from symptom scales) that are continuous rather than dichotomous variables. These approaches have yielded some promising findings. [14] [15] [16] The current study capitalizes on the availability of comprehensive item-level symptom data in 2 independently ascertained samples of individuals from Ireland and Northern Ireland who were diagnosed with Scz. Both samples have been the subject of analyses aimed at empirically describing clinical heterogeneity. [17] [18] [19] The first sample, a collection of 270 multiply affected Irish families, was previously subjected to a latent class analysis (LCA), and subsequent studies have yielded evidence of genetic loci differentially associated with specific clinical features. 8, 10, [19] [20] [21] Genetic studies of clinical heterogeneity among cases in the second, population-based sample have been less extensive. 10 Here, we conducted analyses of empirically derived symptom dimensions in these 2 ethnically homogenous but differentially ascertained cohorts, combining results for each dimension in a large, case-only meta-analysis. We considered positive symptoms (Pos) and negative symptoms (Neg) as the focal phenotypes, given that comparable classes/factors representing these features have been empirically defined for both samples in previous studies. 17, 19 The current study benefits from an improved sample size and continuous phenotypes. Furthermore, these phenotypes are consistent with the Research Domain Criteria (RDoC) project's conceptualization of psychiatric illness 22 and so may better reflect the dimensional nature of Scz psychopathology. In the tradition of previous research, 23 we applied a variety of analytic approaches to capture meaningful genetic influences at the single nucleotide polymorphism (SNP), gene, and ontology/network levels. We hypothesized that different genetic factors-be they SNPs, genes, or gene ontologies/pathways-might detectably influence the diverse clinical presentation of Scz.
Materials and Methods

Samples
Ascertainment for the Irish Study of High Density Schizophrenia Families (ISHDSF) has been described previously. 19 Briefly, the original sample consisted of 270 families (N = 1425 individuals) selected on the basis of having more than one family member who met criteria for DSM-III-R Scz or poor-outcome schizoaffective disorder. Interviews were conducted by Irish psychiatrists and trained social scientists between 1987 and 1992, using modified items from the Structured Clinical Interview for DSM Disorders (SCID) for selected Axis I disorders. For individuals with a history of psychotic illness, the Operational Criteria Checklist for Psychotic Disorders (OPCRIT 24 ) was completed (N = 755, of whom 506 had genome-wide association study [GWAS] data available) based on hospital records and personal interviews.
Cases from the Irish Case-Control Study of Schizophrenia (ICCSS) were collected using records from inpatient and outpatient psychiatric facilities, as described previously. 17 To maintain consistency across samples, only individuals meeting DSM-III-R diagnostic criteria for Scz or poor-outcome schizoaffective disorder were eligible for inclusion. GWAS data were available for 665 individuals with Pos scores and 784 with Neg scores.
Phenotypes
The Operational Criteria for Psychotic Illness (OPCRIT) is a comprehensive lifetime symptom scale based on ratings from trained clinicians. For the ISHDSF, 60 of the 75 items on the OPCRIT were selected and entered into an exploratory factor analysis using VARIMAX rotation.
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A 5-factor solution for the OPCRIT items was selected and further examined in confirmatory factor analysis. Factor-derived scales were obtained for each factor by summing the scores of all items. The 5 factors were: negative symptoms, delusions, hallucinations, mania, and depressive symptoms. For the current study, sum scores for the original negative factor were retained and used in the Neg meta-analysis. To improve comparability with the ICCSS, which yielded a single positive symptom factor, we summed delusion and hallucination factor scores in the ISHDSF to obtain a composite Pos score.
For the ICCSS, symptom ratings were derived from the SCID, and medical records were reviewed and rated using the Casenote Rating Scale. 17 Fanous and colleagues 17 performed an exploratory factor analysis using the VARIMAX rotation and a 3-factor solution was selected, consisting of a positive symptoms factor, a negative symptoms factor, and a Schneiderian symptoms factor. Positive and negative factor scores were retained for the current study for the Pos and Neg phenotypes, respectively.
Genotyping and Imputation
Genotyping and quality control procedures have been described previously for the ISHDSF and ICCSS. 25, 26 Haplotype phasing was performed using SHAPEIT. 27 Imputation of additional SNPs was carried out with IMPUTE2 v.2.0 28 using the April 2012 release of the 1000 Genomes Project data (www.1000genomes.org). 29 Imputation analysis was performed for genomic windows of 5 Mb with an overlap interval of 500 Kb between adjacent segments. Following the recommendations of the authors of IMPUTE2, we did not limit our imputation procedure to European reference samples. 30 SNPs were filtered using an imputation information threshold of 0.5 or higher. Phasing, imputation, and post-processing were performed independently for the ISHDSF and ICCSS samples. Within each study, monomorphic sites were excluded; we also excluded any SNP that yielded at least one Mendelian inconsistency in the family-based sample. Using the full datasets of genotyped and imputed variants, we conducted N-weighted (ie, random effects) metaanalyses using METAL 31 for Neg and Pos. Variants were retained for analysis if they had a minor allele frequency of at least 1%.
Gene-Based Analyses
We used KGG (v2.5) 32, 33 to combine single-SNP results into gene-wide tests of association. Gene-based approaches represent a convenient, biology-driven strategy for combining results across studies. 34 KGG assigned SNPs to known genes mapping to the 22 human autosomes; we defined gene boundaries as 5 kb from both 3′ and 5′ ends. We used publicly available linkage disequilibrium (LD) data for European individuals from the 1000 Genomes Project (Phase 1 Release 3) to account for differences in gene size and patterns of intercorrelation among linked SNPs. Specifically, pairs of SNPs demonstrating a high degree of nonindependence (r 2 > .9) were "clumped" together; SNPs in low LD (r 2 < .02) were considered effectively "independent." Otherwise, correlation among SNPs was handled as described by KGG's authors. 32, 33 We applied the HYST method, which combines the extended Simes' and scaled chi-square tests, and adjusted for multiple-testing (of genes) by applying a Benjamini and Hochberg 35 false discovery rate correction of 0.05 (q-values are reported where appropriate). Furthermore, the algorithm employed by KGG corrects for gene size to account for the fact that larger genes span more markers and would thus have a higher probability of including a top SNP by chance alone.
Gene Ontology Analyses
We used ConsensusPathDB 36 to examine potential enrichment of particular gene ontologies (GO) or pathways for disease-related variation, defined here as SNPs meeting modest significance criteria (P < .001). These SNPs were mapped to genes using the annotate function in Plink 37 ; a curated list of non-redundant genes was uploaded to ConsensusPathDB. GO categories represent groups of genes with functional commonalities (eg, carbohydrate metabolism or drug binding). A single gene can belong to multiple such categories, and categories are nested based on a set of hierarchical definitions of functionality (eg, drug binding is a "child" category of the more general category of "binding"). GO categories with P < .01 were obtained. For pathway-based tests, we selected the KEGG, Biocarta, Reactome, and Pharmgkb options, again limiting our results to those with P < .01. Where possible, we used multiple other databases to corroborate the initial results, as described in the supplementary material.
Replication and Threshold Testing
We attempted to replicate our top findings using data from the Molecular Genetics of Schizophrenia study (MGS), 13 for which genome-wide SNP data (Affymetrix 6.0) is available in dbGAP. 38 A previous factor analysis identified 3 symptom factors using MGS cases: positive, negative, and mood-related or "affective" symptoms. 13 We conducted GWAS of positive (N = 2198) and negative (N = 2231) factor scores, as their item content was congruent with the Irish phenotypes. In the current study, we directly imputed summary statistics for additional, untyped SNPs from the 1000 Genomes Project (Phase 1 Release 3) using the DIST software. 39 First, we conducted sign tests using varying P-value thresholds to determine whether effect directions were consistent across samples. Independent markers, identified using the clumping function in Plink, 37 were used for sign tests. We next selected genes with P gene < 1 × 10 −3 for Pos or Neg for follow-up in the MGS sample. Given its larger sample size (and thereby greater statistical power to detect associations), we constructed polygenic risk scores 40 based on estimated allelic effects in the MGS GWAS, testing these composite scores for association with Neg and Pos traits in each Irish cohort.
Results
Marker-Based Analyses
In the current meta-analyses of Neg (maximum N = 1290) and Pos (maximum N = 1171) symptoms among Irish Scz cases from Ireland and Northern Ireland, results were available for 9 481 181 and 9 485 578 variants, respectively. Results did not yield significant (P < 5 × 10 ). For Neg, we observed the strongest evidence of association at chromosome 22q11 (rs1153415; P = 2.42 × 10 −7 ), approximately 20 kb upstream of the uncharacterized locus LOC388849. The locus most significantly associated with Pos (P = 3.90 × 10 ) was an intergenic insertion/deletion (chr12:118441149:D) located >20 kb downstream from SUDS3. We conducted sign tests using independent markers and found only modest evidence that the directions of allelic effects for Pos were consistent between the Irish and MGS samples more frequently than expected by chance (at P ≤ .001), and no evidence of consistency for Neg (supplementary table 1). Similarly, polygenic scores derived using markers associated with Neg or Pos in the MGS sample at various P-value thresholds (P < .0001-.5) did not significantly predict Neg and Pos, respectively, in the Irish cohorts.
Gene-Based Analyses
For Neg, gene-based results were available for 23 000 known and predicted genes (supplementary table 2). Five loci-NKAIN2, LSM6, GLRA1, G3BP1, and BCAT1-had q < 0.05 (Table 1) . Of particular note is the finding for NKAIN2 (P gene = 7.35 × 10 −7
), which has been previously associated with Scz case/control status in a study that included the ICCSS in a meta-analysis. 41 Of the 22 999 genes or predicted genes assessed (supplementary table 2) for their association with Pos, 3-NRG1, KIAA1430, and PHACTR3-had q < 0.05 (Table 1) . NRG1 (P gene =1.12 × 10 −6 ) has been implicated in Scz case-control status and in bipolar disorder (see below). We also tested whether genes with P gene < .001 (a threshold selected to obtain a balance between sample size and false positives) for Neg overlapped significantly with genes meeting a nominal significance threshold (P gene < .05) for Pos, based on the null expectation under a binomial distribution, and found that there was significant overlap (P < .00176). Conversely, when we tested overlap between top Pos genes and those nominally implicated in Neg (as above), we found no evidence of enrichment (P = .28).
Next, we selected genes with P gene < .001 (N = 90) in the Irish Neg results for follow-up in the MGS sample. Of these, results were available in MGS for 88 genes, 9 of which had P gene < .05, which significantly exceeds the number expected by chance (exact binomial test, P = .03). Among genes with q < 0.05 in the Irish samples, only BCAT1 was replicated in MGS (P gene = .0005).
In the MGS sample, results were available for 83 of the 88 genes that had P gene < .001 in the Irish Pos meta-analysis results. Of these, 11 had a P gene < .05, which represents a significant enrichment (exact binomial test, P = .003).
No genes with q < 0.05 in the Irish Pos results were replicated in MGS.
Gene Ontology and Pathway Analyses
Negative Symptoms. GO categories with P < .01 are provided in supplementary table 3. The most significantly overrepresented category was neuron projection (q = 3.48 × 10 −8
), followed by a series of more general cellular process categories. Additional categories related more specifically to nervous system functions/processes were postsynaptic membrane, dendritic development, olfactory bulb development, and telencephalon development (among others). There was modest to substantial overlap among the genes driving the over-representation of these categories.
Pathway analyses revealed that nervous systemrelated categories were consistently over-represented (supplementary In the pathway analyses, multiple categories related to addiction phenotypes were over-represented: the top category was alcoholism (q = 3.66 × 10 −3 ), and morphine addiction, nicotine addiction, and amphetamine addiction were implicated as well, with substantial overlap among the genes driving the results. Perhaps unsurprisingly, given the relationship between addictive phenotypes and dopaminergic signaling, dopaminergic synapse was also over-represented. As with Neg, one or more of the other databases queried also supported most of the categories implicated by ConsensusPathDB.
Discussion
In the current study, we examined evidence of association between common genetic variants and empirically derived symptom factor scores for 2 well-characterized Irish samples, contextualizing the meta-analytic results in terms of specific genes and biological processes. Though no individual marker met the genome-wide significance threshold, gene-based analyses derived from single-SNP test-statistics yielded evidence of genes influencing either positive or negative symptoms but not both, some of which were previously implicated in Scz risk. We also confirmed a role for immunerelated and neurobiological processes in Scz etiology. Taken together, these findings suggest that the specificity of genetic variation underlying these processes is nuanced 7 and that select biological pathways might underlie specific clinical dimensions. We discuss the evidence in support of particular biological pathways in the context of emergent Scz findings and extend the putative roles of these processes to clinical presentation of the disease.
Gene-Based Analyses
We observed gene-wise evidence for association between Neg and NKAIN2, which has been reported to show association with Scz and with other psychiatric phenotypes (Table 1) . This raises the possibility that some NKAIN2 variants impact general liability to Scz, while others affect clinical presentation. Importantly, NKAIN2 is not associated with case-control status in the combined samples (P gene = .93), suggesting that it is acting as a modifier of symptom presentation rather than as a general risk locus, though potentially as a mixed susceptibility/modifier gene 7 in other samples. The remaining genes demonstrating association with Neg at our stringent significance threshold have not previously been shown to confer Scz risk.
For Pos, we observed the strongest gene-wide association with KIAA1430, which encodes a protein of unknown function. This locus lies between SNX25 and SLC25A4 on chromosome 4 (Table 1) . Given low recombination in the region, it is possible that signals in one or both of these flanking genes are relevant, particularly DNA-unwinding protein responsive to environmental stress 46, 47 No known previous associations with neurobiological or psychiatric phenotypes.
Cytosolic form of transaminase; essential for cell growth Cytosolic BCAT genes are expressed in GABA-ergic and glutamatergic neurons in the brain. These proteins potentially play a role in glutamate toxicity, which contributes to the development of some neurodegenerative disorders. , q = 0.09). SLC25A4 encodes a mitochondrial ADP transporter that is responsive to escitalopram treatment in a mouse model of depression.
49 SNX25 is expressed in neurons and astrocytes; its expression is increased in the temporal neocortex of patients with temporal lobe epilepsy. Encodes a glycoprotein that mediates cell-cell signaling; plays a role in growth and development of multiple organ systems; expressed in glutamatergic synaptic vesicles Dysregulation has been previously associated with schizophrenia and bipolar disorder. See "Discussion" section for additional details.
Member of the phosphatase and actin regulator protein family Encoded protein scapinin is preferentially expressed in the brain; has been shown to enhance cell spreading, potentially through the modulation of actin cytoskeleton structures. 51 Some evidence suggests that scapinin has a regulatory role in neuroplasticity.
given the role of SLC25A4 in other psychiatric phenotypes. 49, 53 Neuregulin-1 (NRG1) was also strongly implicated; this protein is present in glutamatergic synaptic vesicles and impacts the regulation of NMDA-receptor expression and has roles in neurodevelopment and synaptic plasticity. 54 It has been implicated as a risk locus for Scz case-control status in multiple populations. [55] [56] [57] [58] However, linkage and single-marker analyses in the ISHDSF showed no association between NRG1 and case-control status (P gene = .54), nor was it associated with Scz in an earlier linkage/association study. 59 Different clinical features across samples of cases could drive these inconsistencies: if cases in one sample were enriched for positive symptoms, it is possible that an association with variation in NRG1 would be detected. Conversely, case-control analyses (rather than analyses of symptom profiles) of samples whose cases represent a balance of Pos and Neg symptoms would not be expected to detect these loci if they are truly modifiers. Previous evidence suggests that NRG1 variants have different effects across samples. 60 As with NKAIN2, the current results suggest that NRG1 acts as a modifier gene, though it is potentially a mixed susceptibility/modifier gene. See Table 1 for details on KIAA140 and PHACTR3.
Genes that are strongly associated (P gene < .001) with Neg overlap significantly with genes implicated at a modest significance threshold (P gene < .05) with Pos; however, the reverse does not hold true. Previous studies have found that individuals who experience pronounced negative symptoms are more likely to have a family history of Scz, 61 suggesting that this clinical presentation might be more heritable than others. 18 Negative symptoms might also be more temporally stable, and are easier for clinicians to assess. 17 Our results are consistent with a model in which genes that strongly impact Neg are also relevant to Pos, while those that strongly impact Pos are more specific: essentially, the observed overlap supports modest genetic correlation across the clinical dimensions. Critically, among the genes that were the most strongly associated (q gene < .05) with either Neg or Pos, we observed no overlap. Furthermore, those genes were not associated with case-control status, consistent with the expectation that symptom profiles are affected by modifier genes that are largely phenotype-specific, with other genetic factors influencing overall severity.
Gene Ontology and Pathway Analyses
Enrichment analyses of canonical pathways and GO definitions yielded results consistent with emergent Scz findings 62 while also providing some insight into potential etiological differences underlying clinical dimensions. For both symptom factors, neuron projection represented the most strongly over-represented category, meaning that suggestive SNPs (P < .001) mapped to genes in this category more frequently than expected by chance.
Furthermore, various nervous system-related ontologies were over-represented in the results for both Neg and Pos, which is consistent with our observation that these dimensions appear genetically related to some degree. However, while genes involved in olfactory bulb and telencephalon development were enriched for both symptom dimensions, genes involved in the development of a broader range of brain regions were enriched only among variants associated with Pos. This raises the possibility that perturbation of functioning in a wide range of brain regions can influence the manifestation of positive symptoms, while negative symptoms are influenced by a more limited set of brain regions.
Categories yielding evidence of enrichment for either Neg or Pos (but not both) included immune function and putative involvement in addiction, respectively. Immune dysregulation has long been thought to play a role in Scz, with support from epidemiological studies 63 and as suggested by the repeated and consistent implication of the major histocompatibility complex. 26, 40 Recently, the largest GWAS of Scz conducted to date detected an enrichment of associations among genes expressed in tissues with important roles in immunity, independent of brainexpressed genes. 62 Over-representation of addiction-related processes with respect to Pos is intriguing, given previous research that suggests individuals with a dual diagnosis of Scz and substance use disorder (SUD) experience more positive and fewer negative symptoms than cases without SUD. 64 Many drugs of abuse enhance dopaminergic activity in the mesolimbic system, 64 and hyperdopaminergic activity/tone in the mesolimbic system has been associated with positive symptoms. 65, 66 Furthermore, most dopamine-blocking agents ameliorate positive rather than negative symptoms. 67 The current results suggest that variation in genes that contribute to liability to SUD also impact liability to positive symptoms; this possibility should be explored further as a potential mechanism underlying comorbidity of Scz and SUD. We also note that the dopaminergic system has been implicated in Scz case-control status in a recent mega-analysis. 62 
Limitations
The results presented herein should be interpreted in light of a few key limitations. Given emergent realizations regarding requisite sample sizes for GWAS of complex traits, both Irish samples are relatively limited in size. We were also unable to control for the potential effects of medication. Furthermore, the use of different diagnostic instruments in each sample could conceivably limit comparability, highlighting an important challenge of such studies to date. However, both samples were drawn from the same, ethnically homogenous population, and previous work by our group found concordance between instruments with respect to the assessment of negative symptoms in the ICCSS, 17 mitigating this concern. In addition, we recently demonstrated the validity of using different instruments to assess the same underlying symptom dimensions in Scz. 68 It is possible that the genetic architecture of Scz differs between the case-control sample and the densely affected family sample.
We observed cross-sample replication at the gene level, including the promising BCAT1 locus, but polygenic and sign tests were less promising. This could be due to population-level differences, or it could suggest that the current analyses are underpowered. Finally, the wide variety of correlated tests undertaken precludes any straightforward correction for the number of tests conducted. In spite of these limitations, the biologically plausible results of our ontology/pathway analyses support their validity and merit further consideration via follow-up/replication studies.
Conclusions
In spite of these limitations, the biological plausibility of these results supports their validity and merits further consideration via follow-up/replication studies. Broadly speaking, we have demonstrated that negative and positive symptoms of Scz are influenced in part by distinct genetic factors. The results indicate that some genes previously associated with Scz risk might also be modifier or mixed susceptibility-modifier loci. If confirmed, the latter are likely to contribute to "genetic heterogeneity"-long understood to underlie complex phenotypes-as they impact not just clinical presentation but also Scz risk more generally. 7 The gene ontology/pathway analyses suggest that nervous system-related genes influence both negative and positive symptoms, perhaps via influencing overall illness severity or drug response. However, distinctions also exist, specifically with respect to immune-and addiction-related pathways. These findings have potential implications for our understanding of the etiology of Scz from both genetic and neurobiological perspectives, and could be incorporated into future studies on risk assessment and treatment. In summary, these analyses emphasize the complex nature of overall genetic liability to Scz and to its clinical dimensions, and provide insight as to the relevance of common and distinct pathways influencing both.
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